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Department of Chemistry and Biochemistry, University of California at San Diego, La Jolla, CaliforniaABSTRACT Aromatic amino acids of membrane proteins are enriched at the lipid-water interface. The role of tryptophan on
the folding and stability of an integral membrane protein is investigated with ultraviolet resonance Raman and fluorescence
spectroscopy. We investigate a model system, the b-barrel outer membrane protein A (OmpA), and focus on interfacial trypto-
phan residues oriented toward the lipid bilayer (trp-7, trp-170, or trp-15) or the interior of the b-barrel pore (trp-102). OmpA
mutants with a single tryptophan residue at a nonnative position 170 (Trp-170) or a native position 7 (Trp-7) exhibit the greatest
stability, with Gibbs free energies of unfolding in the absence of denaturant of 9.4 and 6.7 kcal/mol, respectively. These mutants
are more stable than the tryptophan-free OmpA mutant, which exhibits a free energy of unfolding of 2.6 kcal/mol. Ultraviolet
resonance Raman spectra of Trp-170 and Trp-7 reveal evolution of a hydrogen bond in a nonpolar environment during the
folding reaction, evidenced by systematic shifts in hydrophobicity and hydrogen bond markers. These observations suggest
that the hydrogen bond acceptor is the lipid acyl carbonyl group, and this interaction contributes significantly to membrane
protein stabilization. Other spectral changes are observed for a tryptophan residue at position 15, and these modifications
are attributed to development of a tryptophan-lipid cation-p interaction that is more stabilizing than an intraprotein hydrogen
bond by ~2 kcal/mol. As expected, there is no evidence for lipid-protein interactions for the tryptophan residue oriented toward
the interior of the b-barrel pore. These results highlight the significance of lipid-protein interactions, and indicate that the bilayer
provides more than a hydrophobic environment for membrane protein folding. Instead, a paradigm of lipid-assisted membrane
protein folding and stabilization must be adopted.INTRODUCTIONMembrane protein folding is an important area of research
because this process is relevant to numerous topics,
including protein misfolding diseases, drug discovery, and
pathogenesis. Recent experimental and computational
studies have focused on the thermodynamics, kinetics, and
mechanisms of protein folding in the complex milieu of
lipid bilayers (1–6). Hydrophobic interactions between
protein side chains and the bilayer provide a key driving
force for the insertion of transmembrane segments into the
bilayer (7,8). Additionally, the energetic cost of burying
nonhydrogen-bonded peptide backbone units is sufficiently
high to require that membrane proteins adopt secondary
structure in the interior of the hydrophobic bilayer
(1,9,10). These and other thermodynamic considerations
form the basis of current models for membrane protein
folding in which the reaction is decomposed into thermody-
namically isolated events, such as partitioning, folding,
insertion, and association (1–3).
In contrast to the principles that focus on thermodynamics
and hydrophobic effect, there is a lack of knowledge of
specific protein-lipid interactions. For example, the role of
aromatic side chains on the stability of membrane proteins
has been explored; however, the prevalence or strengths of
protein-lipid interactions, such as dipole-dipole, hydrogen-Submitted December 22, 2010, and accepted for publication March 14,
2011.
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0006-3495/11/05/2121/10 $2.00bonding, and cation-p interactions, which give rise to the
enrichment of aromatic residues at the interfacial region,
are not known. One reason for this lack of progress is the
paucity of tools capable of providing molecular-level detail
of lipid-protein interactions during the folding process. As
an alternative, emphasis has been placed on the macroscopic
properties of the lipid bilayer. It is now well known that
bilayer properties, such as thickness, fluidity, charge density,
and lateral stress, greatly influence membrane protein
folding and stability (11). Although these and other findings
have advanced our knowledge of membrane proteins, it is
clear that a molecular understanding of protein-lipid interac-
tions is crucial to develop a comprehensive picture of
membrane protein folding.
We and others have previously aimed to obtain molecular
insight into the role of anchoring aromatic amino acids at
the bilayer-water interface (12–15). Tryptophan is a particu-
larly important residue because it has the largest driving
force for the bilayer interface as revealed by the White-
Wimley hydrophobicity scale (1). The versatile molecular
properties of tryptophan are the key to its importance in
membrane protein folding and stability: tryptophan exhibits
the largest nonpolar surface area, is the most polarizable
residue, possesses an indole N-H moiety that is capable of
hydrogen bond donation, and displays the greatest electro-
static potential for cation-p interactions (16,17). This
diverse range of physical properties renders tryptophan an
ideal amphiphilic residue for stabilizing the interfacial
region of a membrane protein.doi: 10.1016/j.bpj.2011.03.018
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membrane protein OmpA. OmpA is one of the most abun-
dant proteins in the outer membrane of Gram-negative
bacteria, and consists of 325 residues that form an eight-
stranded transmembrane b-barrel and a soluble C-terminal
domain that is located in the periplasm (see Fig. 1). The
relative ease with which wild-type and mutant OmpA can
be overexpressed in Escherichia coli combined with the
reversible and spontaneous nature in which the protein folds
into synthetic bilayers make OmpA an ideal candidate for
studies of membrane protein folding (18–22). Prior biophys-
ical studies have included investigations of the photophy-
sics, thermodynamics, and kinetics associated with
specific tryptophan residues (23–26). Experiments with
OmpA mutants that contain single tryptophan residues are
especially informative because these studies reveal site-
specific information without significant modification of
native structure. These residues may be placed in any oneFIGURE 1 Structure of transmembrane portion of OmpA (PDB 1QJP).
The native phenylalanine side chain at position 170 has been replaced
with an indole group of a tryptophan residue. Trp-7, trp-15, and trp-170
are located exterior to the barrel; trp-102 is located in the interior of the
barrel. Other amino acids that are suggested by the crystal structure to
interact with these tryptophan residues are also shown.
Biophysical Journal 100(9) 2121–2130of the five native positions or in a nonnative tryptophan loca-
tion as we have pursued here, to provide a comprehensive
view of the aromatic belt region of the protein.
The choice of ultraviolet (UV) resonance Raman (UVRR)
for further studies of the anchoring tryptophan residues of
OmpA is motivated by the need for structural information.
This vibrational tool has been successfully applied to
soluble and membrane-associated proteins and peptides, as
well as to topics in protein folding and aggregation
(27–31). Tryptophan is the most widely studied amino
acid by UVRR, and correlations to structure/environment
have been established for tryptophan normal modes
(32–35). In contrast, fluorescence spectra are dependent
on electronic properties associated with the chromophore
and do not provide detailed structural information. Instead,
fluorescence spectroscopy is a complementary method that
reveals protein stability and local environment with high
sensitivity. Here, we describe stabilizing molecular interac-
tions between tryptophan residues and the bilayer-water
interface during a folding reaction using UVRR and fluores-
cence spectroscopy. These results highlight the role of the
lipid in membrane protein folding reactions, and emphasize
that lipid-assisted membrane protein folding models are
appropriate for this complex in vitro process.MATERIALS AND METHODS
Vesicle and sample preparation
Small unilamellar vesicles were prepared using a previously published
procedure (26). Briefly, lipid solutions (Avanti Polar Lipids, Alabaster,
AL) of 5 mg/mL 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC,
gel-to-liquid crystalline phase transition temperature Tc¼ 23C), 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC, Tc ¼ 41C), or 7:3 mol ratio
of DMPC/DMPE (DMPE is 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine, Tc ¼ 50C) in 20 mM potassium phosphate (KPi) buffer, pH 7.3,
were sonicated above their respective phase transition temperatures to
produce small unilamellar vesicles with diameters less than 50 nm. Vesicle
solutions containing DMPC, DPPC, or DMPC/DMPE mixtures were
equilibrated at temperatures above Tc up to 12 h before use. These lipids
were selected because they allowed for study of folded OmpA (DMPC),
an adsorbed intermediate (DPPC), or strength of protein-lipid cation-p
interaction (DMPE).
OmpA mutants were generated as previously described (26). Native
OmpA has five tryptophan residues at positions 7, 15, 57, 102, and 143.
Five mutants are the subject of this report. Three mutants contain single
tryptophan residues at positions 7, 15, or 102 and the remaining native
tryptophan residues were replaced with phenylalanine. The fourth mutant
contains a single tryptophan residue at a nonnative location, 170 (native
residue is phe-170), with the five native tryptophan residues replaced
with phenylalanine. The final mutant is tryptophan-free, and has phenylal-
anine in place of all tryptophan residues.
Unfolded protein samples were prepared by dilution of stock unfolded
protein into 20 mM KPi buffer; residual urea concentration in the prepared
samples was 0.3 to 0.8 M. Spectra of unfolded protein were collected imme-
diately after preparation of the sample to avoid protein aggregation. OmpA
mutants adsorbed on the vesicle were prepared by dilution of stock protein
into buffered solution containing DPPC vesicles at 23C, which is below its
phase transition temperature; it was previously shown that OmpA does not
insert into bilayers below the phase transition temperature (36). The sample
b-Barrel Membrane Protein Folding 2123was equilibrated at this temperature for 30min before spectroscopicmeasure-
ments were made. For the studies of OmpA folding into DMPC vesicles, the
folding process was initiated by addition of stock protein into a buffered solu-
tion of equilibrated vesicles. Spectra were collected immediately (t¼ 0 min)
or incubated at a temperature of 37C until the appropriate time point. Each
time point was analyzed with fresh sample. Protein samples and blanks con-
taining DMPC/DMPE vesicle mixtures were equilibrated at 50C for 3 h.
Protein conformation was analyzed using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and fluorescence spectroscopy (36).
Adsorbed and unfolded protein has an apparent molecular mass of
~35 kDa, whereas the folded protein has an apparent molecular mass of
~30 kDa. This differential mobility was used in a gel-shift assay to deter-
mine the free energy of unfolding of the tryptophan-free OmpA mutant
via gel densitometry (20,26).TABLE 1 UVRR and fluorescence data for OmpA mutants
Trp-7, Trp-15, Trp-102, and Trp-170Spectroscopic measurements
Absorption and fluorescence measurements, including generation of refold-
ing curves, have been described previously (26). Fluorescence measure-
ments were performed on a JY Horiba (Edison, NJ) FL-3 fluorometer
with 290-nm excitation. Samples were maintained at temperatures of
30C for solutions that contained DMPC vesicles, 23C for solutions that
contained DPPC vesicles, or above 50C for solutions that contained
DMPE vesicles.
The Raman instrumentation has been described previously (27,33).
UVRR spectrawere collected for the OmpAmutants at indicated time points
following initiation of the folding reaction via mixing of protein þ lipid
solutions. The final protein concentration was ~20 mM for all mutants.
Each sample and blank UVRR spectrum was collected for a total of 5 min.
Therefore, spectra collected at nominally t ¼ 0 min reflect sample within
the first ~5 min following mixing. Similarly, spectra collected at t ¼ 20,
40, 60, and 180 min reflect samples 20–25, 40–45, 60–65, and
180–185 min following mixing, respectively. For a given 5-min window of
data collection, the individual 1-min spectrawere analyzed and no significant
changes were observed in any of the 5-min observation windows. Steady-
state UVRR spectra of unfolded and adsorbed forms of the protein were
also collected. UVRR spectra of blankswith andwithout ureawere acquired,
and the spectra presented here are difference spectra in which contributions
from quartz capillary, buffer, and urea have been removed. Double-differ-
ence spectra of isolated tryptophan peaks in the Fermi doublet region are
also presented. These double-difference spectra were generated by subtract-
ing contribution of the tryptophan-free mutant from spectra of the trypto-
phan-containing mutants at equivalent time points in the folding reaction.
Mutant Condition W17 RFD lmax
Trp-7 Unfolded 881 1.0 353
Adsorbed 879 1.1 344
DMPC, t ¼ 0 min 881 1.3 339
DMPC, t ¼ 180 min 877 1.7 327
Trp-15 Unfolded 881 1.1 350
Adsorbed 881 1.3 345
DMPC, t ¼ 0 min 879 1.1 344
DMPC, t ¼ 180 min 881 1.2 335
Trp-102 Unfolded 879 1.3 352
Adsorbed 879 1.1 347
DMPC, t ¼ 0 min 879 1.3 337
DMPC, t ¼ 180 min 877 1.5 330
Trp-170 Unfolded 879 1.3 353
Adsorbed 879 1.4 340
DMPC, t ¼ 0 min 879 1.5 337
DMPC, t ¼ 180 min 875 1.9 331
Data for mutants unfolded in buffer, adsorbed on DPPC vesicles, and during
a folding reaction into DMPC vesicles immediately and 180 min following
mixing of protein with vesicles. W17 is in cm1, RFD is the ratio of the W7
Fermi doublet, I1360/I1340, and fluorescence maximum (lmax) is in nm.RESULTS
The following convention is used throughout this report:
tryptophan residues are referred to as trpX, and single-tryp-
tophan OmpA mutants are referred to as TrpX, where X
indicates the position for the single tryptophan in the
mutant; the tryptophan-free OmpA mutant is denoted Trp-
free. Vibrational modes in the UVRR spectra follow litera-
ture convention (32). Steady-state UVRR difference spectra
of the five OmpA mutants folded in DMPC and unfolded in
KPi buffer are shown in Fig. S1 of the Supporting Material.
Strong bands arising from the 17 native tyrosine residues are
observed at ~831 and ~853 cm1 (Y1 þ 2Y16a),
~1179 cm1 (Y9a), ~1209 cm1 (Y7a), and ~1611 cm1
(Y8a, with strong overlap of the trp mode W1). Signal
from these tyrosine residues show minimal variation for
the unfolded, adsorbed, and folded protein (Fig. S2), andwill not be discussed in the current report. The vibrational
modes for the single tryptophan residue are distinguishable
from the tyrosine modes, and appear at ~760 cm1 (W18),
~879 cm1 (W17), ~1238 cm1 (W10), ~1341/1360 cm1
(W7), ~1549 cm1 (W3), and ~1611 cm1 (W1 with strong
overlap with Y8a).
Differences in tryptophan mode frequencies and intensi-
ties are observed for the unfolded, adsorbed, and folded
species. The W17 and W7 peaks are hydrogen bonding
and hydrophobicity markers, respectively (33,37,38). The
W17 mode appears near 875–880 cm1, with the lower
frequency corresponding to strong hydrogen-bonded N-H.
The W7 mode is a sensitive marker for tryptophan environ-
ment hydrophobicity; this mode is in Fermi resonance with
a combination band and appears as part of a doublet (38).
The ratio of the intensities of the Fermi doublet, RFD
(I~1360/I~1340), increases when tryptophan is in a nonpolar
environment, and the RFD values reported here are consis-
tent with those of model compounds in different solvents
under resonance excitation (33). A summary of the UVRR
data along with corresponding fluorescence maxima are pre-
sented in Table 1 and Table S1.
The W3 mode is a UVRR conformational marker whose
frequency reflects the dihedral torsion angle, c2,1, about the
C2-C3-Cb-Ca linkage (39). Minor differences are observed
in the W3 frequency, but these changes are not systematic
and within the experimental error of 52 cm1. The W3
mode frequencies and corresponding torsion angles ob-
tained for the folded protein are 1549 cm1 (90),
1551 cm1 (96), 1552 cm1 (100), and 1549 cm1 (90)
for Trp-7, Trp-15, Trp-102, and Trp-170, respectively. The
values obtained from the crystal structure are 83, 45,
and 93 for Trp-7, Trp-15, and Trp-102, respectively.Biophysical Journal 100(9) 2121–2130
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the native phe-170 residue, 88.UVRR spectra of OmpA mutants
Trp-15
Key portions of the UVRR spectra of Trp-15 are shown in
Fig. 2. The 700–910 cm1 region that includes the W18
(~760 cm1) and W17 (~881 cm1) peaks, as well as the
W7 region 1310–1400 cm1 of the UVRR spectra of Trp-
15 unfolded in KPi buffer, adsorbed on DPPC, and during
the folding reaction in DMPC are displayed. A shoulder
on the high-frequency edge of W18 near 778 cm1 appears
at ~20 min following initiation of the folding reaction. The
two bands in this 730–800 cm1 region are fit with Gaussian
profiles. The intensity of the high-frequency peak increases
until it reaches ~30% of the intensity of the W18 peak when
the protein is fully folded at 180 min. This high-frequency
shoulder persists in the spectra of Trp-15 folded inFIGURE 2 UVRR spectra of Trp-15 unfolded in KPi buffer, adsorbed on
DPPC vesicles, and during a folding reaction into DMPC vesicles at t¼ 0 to
180 min following mixing of protein with vesicles. Gaussian decomposi-
tions are shown in the W18 (solid bands, left) and W7 (dashed lines, right)
regions. Sum of Gaussian bands is shown as solid overlay. W7 region is
shown as double difference spectra in which contribution from tyrosine
peaks has been subtracted. Other tryptophan (W17, 881 cm1) and tyrosine
(831 and 853 cm1) peaks are labeled.
Biophysical Journal 100(9) 2121–21307:3 DMPC/DMPE vesicles, and is eliminated when OmpA
is folded in the neutral detergent octyl glucoside (Fig. S3).
The W7 RFD value for Trp-15 was 1.1 to 1.2 for protein
during the folding reaction, and ~1.3 for the adsorbed
protein. Although the relative intensities of the W7 doublet
were generally constant during folding, the positions and
shapes of the peaks evolved systematically. The separation
between the doublet peaks increased, and the peaks became
broader during the folding process. The changes are shown
by the Gaussian decompositions in Fig. 2. Unfolded Trp-15
exhibits W7 frequencies of 1343 cm1 and 1363 cm1, with
full-width at half-maximum values of ~18 cm1. In the
folded protein at t ¼ 180 min, these peaks shifted to
1336 cm1 (7 cm1 relative to unfolded) and
1367 cm1 (þ3 cm1 relative to unfolded), with full-width
at half-maximum values of ~30 cm1 (þ12 cm1 relative to
unfolded) for both peaks. These changes appear at t ¼
20 min during the folding reaction.
The position of the W3 peak at 1551 cm1 suggests that
the dihedral angle for trp-15 obtained via UVRR is signifi-
cantly different from that of the x-ray crystal structure. Trp-
15 was modeled with the appropriate c2,1 of 96 from
UVRR spectra, and shown in Fig. 3. The structure of trp-
15 from the crystal structure (with dihedral angle 45) is
shown for comparison.UVRR spectra of OmpA mutants
Trp-7
UVRR spectra or Trp-7 unfolded in buffer, adsorbed on
DPPC vesicles, and at indicated time points followingFIGURE 3 Structure of trp-15 folded in DMPC bilayer based on UVRR
spectra. Crystal structure (PDB 1QJP) of trp-15 and possible hydrogen-
bonding partner, Asn-33, are shown for comparison.
b-Barrel Membrane Protein Folding 2125initiation of the folding reaction in DMPC are shown in
Fig. S4. Spectral regions near W17 and W7 are shown in
Figs. 4 and 5, respectively. A systematic downshift
in W17 frequency from 881 to 877 cm1 for trp-7 is
observed. Fig. 5 shows the W7 Fermi doublet region in
the absence of the tyrosine signal for Trp-7. The RFD value
for Trp-7 increases significantly from 1.0 to 1.7 during the
folding reaction, and is 1.1 for the adsorbed species.UVRR spectra of OmpA mutants
Trp-170 and Trp-102
UVRR and fluorescence spectra were obtained for the previ-
ously uncharacterized nonnative OmpA mutant, Trp-170.
Fig. 5 illustrates the increase in RFD value from 1.3 to 1.9
during the folding reaction. The W17 peak for Trp-170
evolves in a similar manner to the Trp-7 mutant, and shifts
4 cm1 during the folding reaction.
Results for Trp-102 are included in Table 1 and Table S1.
Unfolded and folded protein exhibit RFD values between 1.3
and 1.5, whereas the adsorbed species has a value of 1.1.FIGURE 4 UVRR spectra (W17 region) of Trp-7 unfolded in KPi buffer,
adsorbed on DPPC vesicles, and folding into DMPC vesicles at t ¼ 0 to
180 min following mixing of protein with vesicles. Results from Gaussian
decomposition are shown as the dotted curves.
FIGURE 5 Fermi doublet regions in the UVRR double difference spectra
of Trp-7 (left) and Trp-170 (right) unfolded in KPi buffer, adsorbed on
DPPC vesicles, and during a folding reaction into DMPC vesicles at
t ¼ 0 to 180 min following mixing of protein with vesicles. Gaussian
decompositions are shown as dashed lines, and the sum of the Gaussian
peaks is shown as the solid overlay.The hydrogen-bonding indicator, W17, shifts one pixel in
a systematic manner from 879 to 877 cm1.Free energies of unfolding
The refolding curves for Trp-170 and Trp-free (Fig. S5)
reveal a Gibbs free energy of unfolding in the absence of
denaturant DGoH2O of 9.4 5 1.9 and 2.6 5 0.4 kcal/mol,
respectively. DGoH2O values for the other mutants Trp-7
(6.7 5 1.0), Trp-15 (4.8 5 0.7), and Trp-102 (4.7 5
0.7), have been previously published (26). We have remeas-
ured the DGoH2O value for wild-type OmpA and determined
it to be 10.3 5 1.5 kcal/mol.Adsorbed intermediate
A blue shift in fluorescence is observed for both the ad-
sorbed intermediate and folded OmpA relative to unfolded
protein (Table 1). However, the magnitude of the blue shiftBiophysical Journal 100(9) 2121–2130
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13 nm) is different from the blue shift associated with
protein insertion into the bilayer (max change of 26 nm).
It is known that the adsorbed intermediate exhibits a similar
amount of secondary structure as the folded protein (36).
These data suggest that the tryptophan residues of the struc-
tured, adsorbed intermediate are partially buried in
a nonpolar, protein environment. The adsorbed intermediate
will be discussed in greater depth in a future article.DISCUSSION
Protein-lipid interactions are crucial for the folding and
stability of integral membrane proteins. Properties such as
lipid chain length, extent of saturation, headgroup size and
charge, and vesicle curvature alter the stability and folding
rates of OmpA (20,40,41) as well as those of a-helical
membrane proteins (42–44). These and other effects of lipid
on membrane proteins are not surprising given the chemical
and physical heterogeneity of the fluid lipid bilayer (5,45).
The bilayer-water interfacial region of the liquid crystalline
bilayer is especially complex, and the role of anchoring
amino acid residues on membrane protein folding remains
an active area of research. The unique role of tryptophan,
evidenced by its localization to the bilayer-water interface
(13,46–48), and large thermodynamic driving force are
now widely accepted; however, the specific interactions
between tryptophan and lipid have not been investigated
until now.
The tryptophan residues discussed here were selected for
study based on their relative locations; residues trp-7 and
trp-170 are on opposite sides of the bilayer relative to trp-15
and trp-102 (see Fig. 1). These mutants allow us to test
a simple model of membrane protein folding. For example,
a traditional scheme of membrane insertion in which the
b-barrel is partially formed before insertion (49) assumes
that trp-15 and trp-102 traverse the bilayer, whereas trp-7
and trp-170 do not (36). The local environment of these
tryptophan residues is also significant. Trp-7 residue is close
to several aromatic residues, including Phe-170. Pairwise
aromatic interactions are important stabilizing forces (24),
and we studied the Phe-to-Trp mutant Trp-170 to gain
additional insight into this aromatic cluster. Trp-15 may
also be important for protein stability because in the crystal
structure, it participates in an intramolecular hydrogen bond
with Asn-33. Trp-102 is located in a loop that is likely not
membrane-bound, and is the only tryptophan residue to
face the interior of the b-barrel and not the lipids. The
solvent-accessible surface areas for the indole groups of
trp-7, trp-170, trp-15, and trp-102 are 100%, 100%, 82%,
and 76%, respectively, and therefore, the indole moieties
are exposed and interact strongly with the lipid (trp-7,
trp-170, trp-15) or other protein (trp-102) environment. In
the case of trp-170, the indole ring was modeled in the
same plane as the native phenylalanine residue, but can beBiophysical Journal 100(9) 2121–2130oriented with c2,1 at þ88 or 88, giving high solvent-
accessible surface area values of 100% or 82%. We do not
discuss the other two native tryptophan residues, trp-57
and trp-143, because the stabilities of the Trp-57 and
Trp-143 mutants (26) are comparable to that of Trp-free
OmpA, suggesting that these particular tryptophan residues
do not provide significant stabilization of the protein.Protein stability
Thermodynamic measurements of these and similar mutants
have previously been reported (24,26). These prior studies
indicated that among the five native tryptophan residues,
trp-7 makes the greatest contribution to the overall stability
of OmpA. Mutation of trp-7 to alanine destabilized OmpA
by the greatest amount (3.6 kcal/mol) relative to other trypto-
phan residues (24). In fact, residues in this aromatic pocket,
such as trp-7 and tyr-43, provide significant stability. Our
results indicate that addition of a nonnative trp residue in
this aromatic pocket, trp-170, is also highly stabilizing. The
OmpA mutant with a single tryptophan residue at position
170 (Trp-170 DGoH2O ¼ 9.4 kcal/mol) is nearly as stable as
wild-type OmpA, which has five native tryptophan
residues (wild-type OmpA DGoH2O ¼ 10.3 kcal/mol). As
a comparison,OmpAwith a single tryptophan residue at posi-
tion 7 is destabilized 3.6 kcal/mol relative to wild-type while
other mutants, Trp-15 and Trp-102, are destabilized by
~5.5 kcal/mol. The free energy of unfolding of Trp-free is
2.6 kcal/mol. The observed variation of free energies
suggests that the stabilizing interactions are sensitive to local
environment, and that molecular interactions of tryptophan
with lipid and/or protein strongly influence the energetic
contribution to membrane protein stability. This finding
further emphasizes the need to apply structure-sensitive
spectroscopic methods to obtain a more detailed picture of
the molecular interactions of membrane proteins.Site-specific molecular interactions
UVRR is an ideal technique for studies of protein dynamics
because of its selectivity, sensitivity, and structure-specific
vibrational markers. The investigation of Trp-7 and Trp-
170 reveals the molecular basis and local environmental
factors that give rise to the stabilizing nature of the trypto-
phan residues in these locations. The simultaneous rise in
RFD and downshift of the W17 frequency as the protein folds
and inserts into the membrane is consistent with the N-H
moiety of the indole group participating in a hydrogen-
bond in a nonpolar environment (33,37). Hydrogen bonds
in nonpolar environments have been shown to be more
favorable by up to 1.2 kcal/mol than in polar environments
(50–53), and the current finding that both trp-7 and trp-170
form these favorable interactions provide molecular
evidence of the stabilizing nature of these interactions in
membranes.
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demonstrated in membrane-associated peptides (28,46,54–
56). However, the identity of the hydrogen bond acceptor
is not known and has been proposed to be the acyl carbonyl
group, phosphate oxygen, or lipid-embedded water
molecules. Given that the large RFD values for these
OmpA mutants (1.7–1.9) are most similar to that of cyclo-
hexanone (RFD value of 1.7), the tryptophan residues at posi-
tions 7 and 170 in OmpA are likely closer to the
hydrocarbon core than to the polar headgroups; tryptophan
residues near polar headgroups would be expected to exhibit
RFD values near 1.5, which is that of acetonitrile (33). The
proximity of indole groups and analogs to the ester moiety
has been demonstrated by experiments and simulations
(13,47,57). We hypothesize that the hydrogen bond acceptor
for trp-7 and trp-170 is the lipid acyl carbonyl group of
DMPC, and this hydrogen bond in a nonpolar environment
provides significant stability to the folded OmpA structure.
Pairwise interactions in the aromatic cluster that contains
trp-7 and trp-170 may also contribute to the stability of
OmpA because the centroids of both of these residues are
~5 A˚ from tyrosine centroids in a T-shaped arrangement
(Fig. 1) (24,58,59). However, because phenylalanine can
also provide significant aromatic interactions, we expect
that the Trp-to-Phe mutants studied here primarily reflect
differences in stability from hydrogen bonding because
tryptophan is a hydrogen bond donor, whereas phenylala-
nine is not.
There was no evidence for strong hydrogen-bonding of
trp-15. This lack of hydrogen-bonding is somewhat
surprising given the close proximity of a hydrogen bond
acceptor, Asn-33, in the crystal structure. However, the
conformation of trp-15 based on UVRR analysis of the dihe-
dral c2,1 angle indicates that the crystal and solution struc-
tures of trp-15 are different. When the c2,1 angle of trp-15
is modeled in the protein structure to match that of the
UVRR data (96) as shown in Fig. 3, the strength of the
hydrogen bond likely decreases because of the less favor-
able geometry. The structural information provided by
UVRR is more relevant given that OmpA is in the solution
phase and folded in a bilayer, and environment differences
between OmpA folded in detergent and vesicle have been
previously reported (23).
A surprising result is the growth of a shoulder in the W18
region of the Trp-15 UVRR spectrum. The W18 mode is
a delocalized in-plane breathing mode and is sensitive to
changes in the p electron density that participates in
cation-p interaction (32). In addition to this intense
Raman-active mode, several indole hydrogen-out-of-plane
(HOOP) normal modes are predicted to appear in the region
between the W18 (~760 cm1) and W17 (~880 cm1)
peaks; these HOOP modes consist of large out-of-plane
displacements of the hydrogen atom (H2) bonded to C2 in
the pyrrole ring and benzyl hydrogens (60,61). On- and
off-resonance Raman spectra of model compounds such asN-acetyl-L-tryptophanamide support the presence of these
additional modes between the W18 and W17 peaks (33).
Alterations in relative intensities and frequencies of modes
in this spectral region as well as others have been associated
with cation-p interactions in proteins and model compounds
(62,63).
The growth of the ~778 cm1 shoulder in Trp-15 is attrib-
uted to perturbations of the W18 and/or HOOP modes that
reflect development of a cation-p interaction; this interpre-
tation is based on a UVRR study of a model compound,
normal mode calculations, and NMR analysis (64). Addi-
tional support for this interaction is provided by the
observed broadening of the W7 Fermi doublet. Alterations
in the separation between these peaks have previously
been attributed to cation-p interactions, though a systematic
trend has not been established (63,65). Participation of
membrane protein tryptophan residues in cation-p interac-
tions with the lipid headgroup has been proposed by others,
and both quaternary and primary amine headgroups in phos-
phocholine (PC) and phosphoethanolamine (PE) lipids,
respectively, are viable cation donors (47,56,57,66). The
persistence of the 778 cm1 shoulder in 100% PC and mixed
PC/PE vesicles supports this interpretation. The disappear-
ance of the shoulder when OmpA is folded in the detergen-
toctyl glucoside (OG) further supports the hypothesis that
this novel spectral marker originates from protein-lipid,
and not protein-protein, interactions. Finally, the relatively
low RFD value of 1.2 when Trp-15 is folded in the bilayer
supports the localization of this residue to the polar head-
group region where it can interact with the charged amine
group of the PC moiety. Comparison of the free energies
of unfolding of Trp-15 (4.8 kcal/mol) and Trp-free
(2.6 kcal/mol) indicates that this tryptophan-p interaction
provides ~2 kcal/mol of stabilization. This intermolecular
interaction is more favorable than an intramolecular
hydrogen bond, and this finding reiterates the importance
of specific lipid-protein interactions in the bilayer-water
interface region for membrane proteins.
Trp-102 is the only tryptophan residue that is oriented
toward the interior of the b-barrel pore and has several
charged residues within a 7 A˚ radius of the indole ring.
On the basis of its location and orientation, this residue
likely does not interact with the bilayer. Nonetheless, we
were motivated to study this mutant to determine the
changes in local environment and structure during folding.
We previously reported that trp-102 provides intraprotein
stabilization because of its amphiphilic nature (26); substi-
tution of trp-102 with Phe-102 decreases the free energy
of unfolding by ~2 kcal/mol. The evolution of the RFD value
from 1.3 to 1.5 during the folding reaction is consistent with
the blue-shifted fluorescence maximum (25), and both
observations suggest a relatively nonpolar local environ-
ment for trp-102. This environment is likely created by
the protein, and not the lipid, and suggests that trp-102 inter-
acts closely with hydrophobic residues despite the presenceBiophysical Journal 100(9) 2121–2130
2128 Sanchez et al.of charged residues within its 7 A˚ radius. The structural
markers for cation-p interactions, hydrogen-bonding, and
local dielectric also indicate that the charged residues do
not directly interact with trp-102.Implications for folding mechanisms
and protein stability
These results provide a structural perspective on the molec-
ular interactions that may underlie the differences in free
energies for the various single-tryptophan mutants. At the
outset we acknowledge that Trp-to-Phe mutations have the
effect of both removal of native tryptophan residues and addi-
tion of nonnative phenylalanine residues from key locations
in the protein. In the case of Trp-7 and Trp-15, a prior study
that probed the W7A and W15A mutants revealed that these
tryptophan residues provide ~4 and ~2 kcal of stability,
respectively (24). These values are consistent with our
current and prior data on the quadruple mutants that
preserve single tryptophan residues at positions 7 and 15
(26). In contrast, less is known about Trp-102 and Trp-170.
Trp-170 is a novel, to our knowledge, mutant in which
a native phenylalanine residue has been replaced by a nonna-
tive tryptophan residue. A prior F170A mutant revealed that
removal of the phenylalanine residue destabilized OmpA by
2.4 kcal (24). In our study, a single tryptophan residue at posi-
tion 170 gave rise to the most stable mutant, with a decrease
in free energy of only 0.9 kcal relative towild-type. This phe-
to-trp mutation at position 170 enhances the stability of
OmpA by introduction of a hydrogen bond between trp-
170 and a lipid molecule in a nonpolar environment, and
we estimate that this interaction contributes up to ~7 kcal
toward the stability of OmpA based on comparison with
the trp-free mutant. These values are only estimates of the
contributions of individual residues to OmpA stability, but
nonetheless, serve as reasonable guidelines for ongoing
experimental and computational studies.
It is interesting to note that there is no spectroscopic
evidence for transversal of the protein through the bilayer.
For example, the fluorescence intensity at 330 nm and RFD
values increase throughout the folding period as opposed
to increase then decrease; the latter would be expected if
the protein travels through a hydrophobic bilayer core and
then stabilizes in the interfacial region. This monotonic
nature could also result if the tryptophan residues are buried
within the protein as it crosses the bilayer. However, this
scenario is unlikely for tryptophan residues that are exposed
to the lipid in the folded structure. Furthermore, the UVRR
spectra indicate that some tryptophan residues interact with
the lipid bilayer in a specific manner throughout the folding
process. It appears that the common picture in which
a membrane protein adsorbs and then inserts into a static
bilayer is oversimplified. In contrast, our data provide
evidence for lipid-assisted membrane protein folding, where
stabilizing protein-lipid interactions occur on the same time-Biophysical Journal 100(9) 2121–2130scale as folding and insertion. In this view, the lipid plays
a dynamic role in membrane protein folding, where the
bilayer is able to provide the appropriate dielectric environ-
ment for the nascent folding protein throughout the reaction,
as well as provide specific stabilizing forces. Our results
suggest that formation of these important intermolecular
interactions between tryptophan and the lipid headgroup
plays a critical role in the folding process, and sheds light
on the dynamical behavior of the bilayer. It is imperative
that forthcoming computational and experimental models
for membrane protein folding include these important
lipid-assisted effects.SUMMARY
UVRR spectroscopy is a versatile tool for study of complex
biological systems that provides a useful library of molec-
ular and environmental markers. We have applied this struc-
ture-sensitive tool to obtain detailed information on
anchoring tryptophan residues in the b-barrel membrane
protein, OmpA. Our results reveal protein-lipid interactions
that may constitute the molecular basis for the localization
of tryptophan residues at the lipid bilayer/water interface.
The formation of tryptophan-lipid hydrogen bonds in
a nonpolar environment is energetically favorable, and
cation-p interactions may be stronger than intramolecular
hydrogen bonds. The ability of tryptophan residues to
form stabilizing interactions is dependent on local environ-
ment, and this observation underscores the importance of
site-specific probes. These results emphasize the need for
a membrane protein folding paradigm that includes the
dynamic role of the lipid. Hence, lipid-assisted membrane
protein folding appears to be a more appropriate model
for this complex in vitro process.SUPPORTING MATERIAL
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